Double-spin asymmetries and absolute cross sections were measured at large Bjorken x (0.25 ≤ x ≤ 0.90), in both the deep-inelastic and resonance regions, by scattering longitudinally polarized electrons at beam energies of 4.7 and 5.9 GeV from a transversely and longitudinally polarized 3 He target. In this dedicated experiment, the spin structure function g 3 
He 2
was determined with precision at large x, and the neutron twist-three matrix element d n 2 was measured at Q 2 of 3.21 and 4.32 GeV 2 /c 2 , with an absolute precision of about 10 −5 . Our results are found to be in agreement with lattice QCD calculations and resolve the disagreement found with previous data at Q 2 = 5 GeV 2 /c 2 . Combining d n 2 and a newly extracted twist-four matrix element, f n 2 , the average neutron color electric and magnetic forces were extracted and found to be of opposite sign and about 30 MeV/fm in magnitude. Over the past 30 years, the availability of polarized targets and lepton beams has enabled an intensive worldwide experimental program of inclusive deep-inelastic scattering (DIS) measurements focused on the investigation of the nucleon spin structure [1] . This led to the confirmation of the Bjorken sum rule [2, 3] , a fundamental sum rule of quantum chromodynamics (QCD), and the determination of the quarks' spin contribution to the total nucleon spin [1] . Exploration of the nucleon spin structure through QCD has shown that both the g 1 and g 2 spin structure functions of the nucleon contain contributions from the elusive quark-gluon correlations [4] [5] [6] beyond the perturbative-QCD radiative corrections [7] [8] [9] . In the case of g 1 , these correlations emerge at a higher order in the perturbative expansion in powers of the inverse Q 2 (Q 2 is defined as −q 2 , where q 2 is the virtual photon's four-momentum transfer squared) and thus are suppressed; however, they contribute at leading order in g 2 . These correlations manifest themselves inḡ 2 , a deviation of the measured g 2 from the so-called WandzuraWilczek value g WW 2 [10] that is expressed solely in terms of the g 1 spin structure function:
where x is the Bjorken variable interpreted in the infinite momentum frame as being the fraction of the nucleon's longitudinal momentum carried by the leading struck quark in the DIS process. At present there are no ab initio calculations ofḡ 2 . Nevertheless using the operator product expansion [4, 6] , the Q 2 -dependent quantity
can be related to a specific matrix element containing local operators of quark and gluon fields [11, 12] , and is calculable in lattice QCD [13] . Insight into the physical meaning of d 2 was articulated by Ji [14] who expressed d 2 in terms of a linear combination of χ E and χ B , dubbed the electric and magnetic "color polarizabilities," summed over the quark flavors:
where P and S are the nucleon momentum and spin, q and q † the quark fields, E and B the average color electric and magnetic fields seen by the struck quark, α the velocity of the struck quark, g the strong coupling parameter, and M the nucleon mass.
More recently, Burkardt [15] identified d 2 as being proportional to the instantaneous average sum of the transverse electric F E and magnetic F B color forces the struck quark experiences at the instant it is hit by the virtual photon due to the remnant di-quark system in the DIS process. The net average force contributes to what is called the "chromodynamic lensing" effect in semiinclusive DIS where the struck quark experiences color forces as it exits the nucleon before converting into an outbound hadron [15, 16] . The relations between the color forces, the color polarizabilities and the matrix elements of the quark-gluon correlations are given by:
where f 2 is a twist-4 matrix element of the quark-gluon correlation. This twist-4 matrix element cannot be measured directly, but may be extracted by taking advantage of the Q 2 dependence of g 1 (x, Q 2 ) [17, 18] , since it appears as a higher-order contribution suppressed by 1/Q 2 in Γ 1 , the first moment of g 1 .
The neutron d 2 (d n 2 ) has been calculated in different nucleon structure models [19] [20] [21] [22] and in lattice QCD [13] . The results consistently give a small negative value deviating from the measured positive value by about 2 standard deviations [23, 24] . At a fundamental level, the forces d 2 probes are in part responsible for the confinement of the constituents; determining and understanding them in QCD is an important goal. The disagreement between the experimental and theoretical results of d n 2 called for a dedicated measurement.
The E06-014 experiment [25] was performed at Jefferson Lab (JLab) in Hall A [26] from February to March of 2009. In this experiment measurements of inclusive scattering of a longitudinally polarized electron beam, at an average current of 15 µA, from a polarized 3 He target were carried out at two incident beam energies of 4.7 GeV and 5.9 GeV and with two states of target polarization, transverse (perpendicular to the electron beam in the scattering plane) and longitudinal (along the electron beam). Scattered electrons with momenta ranging from 0.7 to 2 GeV/c were detected in both the BigBite spectrometer (BBS) [27] and the left high-resolution spectrometer (LHRS) [26] each set at a scattering angle of 45
• . The large momentum and angular acceptance (∼ 64 msr) of the BBS allowed it to precisely measure the double-spin asymmetries (DSA) over the full momentum range at one current setting of the spectrometer. The absolute cross sections were obtained from the well understood LHRS by scanning over the same momentum range in discrete steps. The longitudinal (transverse) DSA is defined as
where N is the number of detected electrons, P t is the target polarization, P b is the electron beam polarization, D N 2 is the nitrogen dilution factor that accounts for the small amount (∼ 1% of 3 He density) of N 2 present in the 3 He target to reduce depolarization effects, and φ is the angle between the scattering plane, defined by the initial and final electron momenta, and the polarization plane, defined by the electron and target spins (with cos φ applied only to the transverse asymmetry). The single arrows refer to the electron helicity direction and the double arrows refer to the target spin direction. The orientation of the latter are such that arrows pointing to the right (left) represent spins that are transverse to the electron momentum pointing towards the BBS (LHRS), while arrows pointing up (down) represent spins parallel (anti-parallel) to the electron momentum.
The incident electron beam polarization was measured using two independent polarimeters based on Møller [28] and Compton [29, 30] scattering, whose combined analysis for three run periods yielded electron beam polarizations of 74% ± 1% (E = 5.9 GeV), 79% ± 1% (E = 5.9 GeV) and 63% ± 1% (E = 4.7 GeV) [31] . The residual beam-charge asymmetry was controlled to within 100 ppm through the use of a feedback loop. In a polarized 3 He target, the neutron carries the greater part of the nuclear spin, which allows it to serve as an effective neutron target [32] . The scattered electrons interacted with about 10.5 amg (in-beam conditions) of polarized 3 He gas contained in a 40-cm-long target cell. The 3 He nuclei were polarized via double spin-exchange optical pumping of a Rb-K mixture [33] . Nuclear magnetic resonance (NMR) measurements were taken approximately every 4 hours to monitor the target polarization. The relative NMR measurements were calibrated with absolute electron paramagnetic resonance measurements, which were taken every few days. Additionally, the longitudinal target polarization was cross-checked using water NMR measurements. The average target polarization achieved was 50.5% ± 3.6% [34] .
The BBS consisted of a large-aperture dipole magnet in front of a detector stack whose configuration was similar to that used in [35] except for the addition of a newly built threshold gasČerenkov detector [34] used for both electron and positron identification and pion rejection. The magnetic optics software package used for the BBS was calibrated at an incident energy of 1.2 GeV using various targets described in [35] . Angular and momentum resolutions of 10 mrad and 1% were achieved, respectively [31, 34] . To keep trigger rates compatible with a high data-acquisition live time ( 80%), the main electron trigger was formed when signals above threshold were registered in geometrically overlapping regions of the calorimeter and gasČerenkov. The BBS achieved a total pion rejection factor of better than 10
4 . The LHRS is a small-acceptance spectrometer (∼ 6 msr) and was used with its standard detector package [26] . Optics calibrations [35] for the LHRS used the same targets that were used to calibrate the BBS optics. The LHRS achieved a pion rejection factor of better than 10 5 , and measured the e − -3 He inclusive cross section to better than 8% (includes statistical and systematic uncertainties added in quadrature).
The two possible sources of background contamination of the electron sample were charged pions and pairproduced electrons resulting from the conversion of π 0 decay photons. The BBS π − (π + ) contamination of the e − (e + ) sample was estimated from the pre-shower energy spectrum and found to be less than 3% (6.5%) across the momentum acceptance for π − (π + ). Weighting the measured π ± asymmetries by the pion contamination resulted in a negligible pion asymmetry contamination to the electron DSA. The π ± contamination measured in the LHRS was negligible.
We measured the electron background by assuming it was due to symmetric pair-produced e + e − events. Reversing the BBS and LHRS magnet polarities results in positrons rather than electrons being steered into the detectors. By switching the magnet polarity both electrons and positrons should see the same acceptance which then drops out when forming the e + /e − ratio. The positron cross section was measured with the LHRS and subtracted from the electron cross section. We used the BBS measured and fitted e + /e − ratios, along with statistically-weighted positron asymmetry measurements, to determine the amount of pair-production contamination in the electron sample. The e + /e − ratio at low x ( x = 0.277) was about 56%, and quickly fell off to below 1% ( x = 0.673) as x increased. The positron asymmetry was measured with the BBS magnet in normal polarity to be about 1-2%. The positron asymmetries were cross-checked by reversing the BBS magnet polarity and measuring the positron asymmetry for one DSA setting. The background and false asymmetries were removed from the electron asymmetries according to:
where c 1 is the π − /e − ratio; c 2 is the π + /e + ratio; c 3 is the e + /e − ratio and A m,e − (e + ) ⊥, is the measured electron (positron) asymmetry.
Lastly, the electromagnetic internal and external radiative corrections were performed on the unpolarized cross section σ 0 using the formalism of Mo and Tsai [36, 37] . The elastic [36] and quasi-elastic [38] radiative tails were subtracted using form factors from [39] and [40] . The inelastic corrections were evaluated using the F1F209 parameterization [41] for the unmeasured cross sections in the resonance and DIS regions. We followed the formalism of Akushevich et al. [42] to perform the radiative corrections on ∆σ ,⊥ = 2σ 0 A ,⊥ , the polarized crosssection differences. Here, the tails from the polarized elastic cross-section differences were found to be negligible. The remaining quasi-elastic [43, 44] , resonance [45] , and deep-inelastic regions [46] were treated together using inputs from their respective models. The size of the total correction in all cases did not exceed 45% of the measured σ 0 , ∆σ , and ∆σ ⊥ . Although the magnitude of this correction is significant, the associated absolute uncertainty on the radiative corrections on g 1 and g 2 were less than 5%, which is smaller than their statistical uncertainty.
In Fig. 1 we show the x 2 -weighted polarized spin structure function g 2 of 3 He, formed from the measured Born asymmetries and cross sections according to
where α is the electromagnetic coupling constant, y = (E − E ′ ) /E is the fraction of the incident electron energy loss in the nucleon rest frame, E is the incident electron energy, E ′ is the scattered electron energy, and θ is the electron scattering angle. Note the dramatic improvement of the statistical precision of our data in Fig. 1a compared to the available 3 He world data; Fig. 1b is zoomed in by a factor of 10 and shows only a subset of the world data.
The measured DSAs and cross sections at each beam energy were used to evaluate d 
The upper integration limit of x = 0.90 was chosen in order to avoid the quasi-elastic peak and the ∆ resonance. In addition to using Eq. 11, the Nachtmann moments [47] may be used to evaluate d 3 He 2 , but the difference between the two approaches at our kinematics is smaller than the statistical precision of our measured d 
where P p and P n are the effective proton and neutron polarizations in 3 He, and the factors 0.056 and 0.014 are due to the ∆-isobar contributions [32] 2 ), respectively. Additionally, other neutron extraction methods were studied in [53] ; those results were found to be consistent within our total uncertainty. The d plotted against x for data from E99-117 [24] , E97-103 [55] , E142 [54] , E154 [57] , and E01-012 [58] 
The error bars on the world data from E01-012 [58] , E155x [23] , E99-117+E155x [24] , and RSS [62] represent the in quadrature sum of their statistical and systematic uncertainties. Our results are displayed with and without the low-x contribution added, and are offset in Q 2 for clarity. The inset figure zooms in around our results, with the shaded boxes representing our systematic uncertainty.
the d 2 integrand, and was calculated by fitting existing g n 1 [54] [55] [56] [57] and g n 2 [23, 55, 59 ] data. The fits to both structure functions were dominated by the precision data from [55] , and extended in x from 0.02 to 0.25. A possible Q 2 -dependence of this low-x contribution was presumed to be negligible in this analysis. The high-x contribution, dominated by the elastic x=1 contribution with a negligible contribution from 0.9 < x < 1, was estimated using the elastic form factors G n E and G n M , computed from the parameterizations given in [60] and [61] , respectively. The individual contributions used to evaluate the full d n 2 integral are listed in Table I .
The fully integrated d n 2 results from this experiment are shown as a function of Q 2 in Fig. 2 [19, 20] (evaluated at Q 2 = 1 GeV 2 /c 2 ). Given our precision, we find a d n 2 value near Q 2 = 5 GeV 2 that is about 3 standard deviations smaller than the lowest error bar reported by SLAC E155x.
Primed with a new value of d n 2 , we proceeded to determine f n 2 and extract the average electric and magnetic color forces. The quantity f n 2 was extracted following the analysis described in [17, 34] . Our f n 2 extraction used a n 2 matrix elements evaluated from global analyses [46, [48] [49] [50] [51] [52] , which were found to be (4.3±12.1)× 10 −4 and (0.6±11.3)×10 −4 at Q 2 = 3.21 and 4.32 GeV 2 /c 2 , respectively; our measured d n 2 values; and the inclusion of the Γ 1 data from the JLab RSS experiment [62] and the most recent JLab E94-010 data [63] . The singlet axial charge, ∆Σ, was determined from values of Γ n 1 at Q 2 ≥ 5 GeV 2 /c 2 to be 0.375 ± 0.052, in excellent agreement with that found in [64] . We note that our extracted f n 2 values are consistent with the value found in [17] . A summary of our f n 2 and average color force values, along with calculations from several models, are presented in Table II .
In summary, we have measured the DSA and unpolarized cross sections from a polarized 3 He target, allowing for the precision measurement of the neutron d 2 . We find that d n 2 is small and negative at Q 2 = 3.21 and 4.32 GeV 2 /c 2 . We find that our results are consistent with the lattice QCD [13] , bag model [21] and chiral soliton [22] predictions. We used our d n 2 measurements to extract the twist-4 matrix element f n 2 and performed a decomposition into neutron average electric and magnetic color forces. We note that our extracted f n 2 is larger than our measured d n 2 , implying that the neutron electric and magnetic color forces are nearly equal in magnitude but opposite in sign.
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